I N T RO D U C T I O N
The Jovian system and the Galilean moons have been studied for their motion, in particular. Their respective dynamical models allow us to constrain their structure and their origin theories (Lainey, Duriez & Vienne 2004a; Lainey et al. 2009; Lainey, Arlot & Vienne 2004b ).
Photometric observations of mutual events of the Galilean moons are essential to improve their ephemerides, mainly because we are able to extract highly precise astrometric positions of the satellites from the photometry. The precision of the mutual event observations is up to 20 mas for the Galilean moons (Arlot et al. 2014) , or 60 km at the distance of Jupiter. Moreover, Robert et al. (2017) have recently demonstrated, for the inner satellites of Jupiter, that the positional accuracy derived from photometric observations still remains more precise than that derived from direct astrometry, even if the use of the most recent Gaia-DR1 catalogue (Gaia Collaboration et al. 2016 ) allowed them to eliminate the systematic errors due to the star references. Thus, our work is crucial for current and future spacecraft navigation (Dirkx et al. 2016) , and for dynamical purposes, since the ephemerides are improved by adjusting the new astrometric positions to the theories.
In 2014-2015, the Institut de Mécanique Céleste et de Calcul desÉphémérides (IMCCE) and the Sternberg Astronomical Institute (SAI) organized a worldwide observation campaign to record a maximum of mutual occultations and eclipses of the Galilean moons. In this paper, we present the results of this campaign, with the photometric and astrometric data.
T H E M U T UA L E V E N T S
When the common Galilean orbital plane crosses the ecliptic plane, mutual events can occur. Depending on the configuration from the Earth or the Sun, we will speak about occultations or eclipses. Occultations can occur when the Joviocentric declination of the Earth becomes zero, whereas eclipses can occur when the Joviocentric declination of the Sun becomes zero.
The 2014-2015 period was very favourable since 442 events were observable from 2014 September 1 to 2015 July 20. To compute the predictions of all the 2014-2015 events, we used the IMCCE NOE-5-2010-GAL satellite ephemerides (Lainey et al. 2009 ) and INPOP13c planetary ephemeris (Fienga et al. 2014 ). The NOE numerical code is a gravitational N-body code that incorporates highly sensitive modelling and can generate partial derivatives needed to fit initial positions, velocities, and other parameters (like the ratio k 2 /Q) to the observational data. The code includes (i) gravitational interaction up to degree two in the spherical harmonics expansion of the gravitational potential for the satellites and up to degree six for Jupiter (Anderson et al. 1996 (Anderson et al. , 1998 (Anderson et al. , 2001a (ii) the perturbations of the Sun (including inner planets and the Moon by introducing their mass in the Solar one) and Saturn using DE430 ephemerides; (iii) the Jovian precession; and (iv) the tidal effects introduced by means of the Love number k 2 and the quality factor Q. The dynamical equations are numerically integrated in a Jovicentric frame with inertial axes (conveniently the Earth mean equator J2000). The equation of motion for a satellite P i is detailed in Lainey, Dehant & Pätzold (2007) .
By comparison, only 237 events were observable in 2009 and 360 in 2003. The results of the previous observation campaign can be found in Arlot et al. (2014) . In Table 1 , we show the raw statistics of the PHEMU85 (Arlot et al. 1992) , PHEMU91 (Arlot et al. 1997) , PHEMU97 (Arlot et al. 2006 ), PHEMU03 ), PHEMU09 (Arlot et al. 2014) , and PHEMU15 campaigns. We observe a constant increase in the numbers of the observation sites, of the light curves, and of the observed events. This denotes the increase in the interest of the non-professional community in these campaigns.
We have already demonstrated, during the previous campaigns, that photometric records of mutual events are accurate enough for astrometric purposes, and that our method provides a high positional accuracy (Arlot et al. 2014 ). More recently, Robert et al. (2017) have demonstrated that the positional accuracy derived from photometry of mutual events still remains more precise than that derived from direct astrometry for the inner satellites of Jupiter.
T H E P H E M U 1 5 C A M PA I G N

Report
Following the previous mutual event campaign successes, we organized PHEMU15, an international observation campaign to record as many events as possible. To fill in an eventual lack of data due to poor weather, we encouraged observers in different countries to acquire events, and to observe the same events from various longitudes.
During this campaign, we observed 236 events and a same event was recorded 17 times. We received 643 light curves, and astrometric results were calculated for 609 of them. Thirty-four light curves could not be used for several reasons such as a non-event detection, an observation after the minimum, or an observation of an occultation and an eclipse at the same time. Fig. 1 shows the raw statistics of the observed events and numbers of corresponding observations.
We distinguished the source of data within two categories. Source I gathered the photometric observations made by the IMCCE observation team. Records were obtained at Pic du Midi Observatory (IAU code 586) and Haute-Provence Observatory (IAU code 511). We extracted the satellite flux for 35 events to produce the light curves before treatment. Then, Source A gathered other observations made by professional or non-professional observers around the world. The satellite flux was directly extracted by the observers who transmitted their light curves to the IMCCE for treatment.
Observation sites
75 observation sites were involved in the 2014-2015 campaign. For several sites, more than one telescope was used to record events. We have introduced a special code to identify each observation facility. A correspondence between the facility and their conventional code is given in the data base 1 with the astrometric results in electronic form at the Natural Satellites DataBase (NSDB) service of IMCCE. Table 2 shows raw statistics of the different observation sites of the campaign. Starting from the left-hand column, we provide the number of observations received O, the number of observations R for which astrometric results were calculated, the number of observations N for which the light curves showed no events, the number of observations S for which an occultation and an eclipse occurred at the same time, the location of the observer, and, if relevant, their IAU code. In the very few cases when an occultation and an eclipse occurred at the same time, we could not provide astrometric results. We plan to take into account such events in future improvements.
L I G H T-C U RV E R E D U C T I O N
Photometric reduction
Mutual events can be recorded with a video camera that provides a movie, or a CCD camera that provides FITS images (Pence et al. 2010) . In both cases, we need the most accurate timing, that is 1 Full explanation table is available in electronic form at the NSDB service of IMCCE via http://nsdb.imcce.fr/obspos/phemuAR/explan2_e.htm to say, better than 0.1 s. Note that the satellite Io, for example, has a velocity of 17.2 km s −1 , so that an accuracy of 0.1 s of time corresponds to an accuracy of 1.7 km in space. An accuracy better than 0.1 s of time is necessary, since the internal accuracy of the motion theory of the satellites is around 1 km (Lainey, private communication) . Most of the time, aperture photometry is applied for the light flux extraction. This technique consists of summing the illuminated pixels of a satellite, and subtracting the contribution from the sky background. Many events were recorded with at least two satellites in the camera field, the occulted or eclipsed satellite, and one to three reference satellites. At least, one reference satellite is needed to minimize an eventual flux inconsistency due to the atmospheric extinction.
For each event, we created a file containing metadata in the head lines, and following lines containing the UTC date, the measured flux (or magnitude) for the satellites involved in the event, and the flux (or magnitude) for the reference satellites. These files are provided in the IMCCE data base as well. 
Astrometric reduction
Positional and astrometric data were determined from the measurements of satellite fluxes during their mutual occultations or eclipses, using the procedure described in Emelianov (2003) , and in Emelyanov & Gilbert (2006) . We used an S value that traduces the normalized flux emitted by the observed satellites during an event. S = 1 before and after the event, and S < 1 during the mutual occultation or eclipse.
Given the topocentric distances of the satellites, we considered the projections X(t) and Y(t) of the angular separation between the satellites on to the celestial parallel and meridian, respectively. S can be written as a
function S(X(t), Y(t)).
We define E i the observed photometric flux at time t i (i = 1, 2, . . . , m). m is the number of photometric counts during a single event. With chosen planet and satellite theories of motion, one can compute for each time t i the theoretical values of functions X(t),
Our method consists of solving conditional equations
for constants D x , D y , and K.
We linearize conditional equations with respect to parameters D x , D y , and then solve the system using the least squares method. This means 'fitting the light curve'.
The astrometric result of the reduction of a single event photometric observation is written by
where t * is an arbitrary time instant inside the event interval. Actually, we assume that it is the time instant for which √ X 2 + Y 2 reaches its minimum value, i.e. t * is the time of the closest apparent approach of the satellites. Table 2 . Observation sites for the PHEMU15 campaign. We provide the number of observations received O, the number of observations R for which astrometric results were calculated, the number of observations N for which the light curves showed no events, the number of observations S for which an occultation and an eclipse occurred at the same time and for which the astrometric results could not be obtained, the location of the observer, and, if relevant, their IAU code. Astrometric results are provided as intersatellite tangential (X, Y) coordinates in equatorial positions, where X = αcos δ and Y = δ at the instant of the satellites' closest approach t * . α and δ are the position differences in right ascension and declination, respectively, given in the 'occulting minus occulted' or 'eclipsing minus eclipsed' directions. We provide astrometric results in an ICRS topocentric frame in the case of mutual occultations, and in an ICRS heliocentric frame in the case of mutual eclipses. Note that in the case of full events, i.e. a total occultation or eclipse, only the position angle P can be determined. The position angle is defined as
In our solution, we used the IMCCE NOE-5-2010-GAL satellite ephemerides. The JUP310 ephemerides (Jacobson 2013) can also be used. Both ephemerides use the PHEMU85, PHEMU91, PHEMU97, and PHEMU03 mutual events data set for their construction, with astrometric observations data set which differs between JPL (Jacobson 2013) and NOE (Lainey et al. 2009 ).
T H E R E S U LT I N G DATA BA S E S
Photometric result data base
The observation files are available in electronic form at the NSDB service of IMCCE. We composed a catalogue that consists of 609 files, corresponding to the observations for which astrometric results were calculated. For each line of the files, we provide the metadata of the mutual events, then the UTC observation time, the photometric measurements of the event, and if recorded, the photometric measurements of the reference satellites.
Astrometric result data base
The astrometric results are divided in two sections. The first section is related to the events for which the tangential (X, Y) coordinates could be computed, and the second is related to the full events for which only the position angle P could be computed. In this section, the apparent relative position of the satellite measured across the apparent trajectory cannot be fixed definitively, and therefore position angles can be determined only up to ±180
• . Table 3 gives an extract of the astrometric results of the first section. Starting from the left-hand column, we provide the observatory code, the event type, the UTC date, the tangential (X(t * ), Y(t * )) coordinates in equatorial positions, the standard deviation after fitting the light curve characterizing the accuracy of the photometry estimated via the least-squares method, the (O−C) computed from the NOE-5-2010-GAL satellite ephemerides characterizing the agreement between theory and observations, the angular separation s, the position angle P, an estimation of the results quality and reliability Q, and the normalized flux minimum level F min . The observatory code identifies not only the observatory but also the instrument used, and the precise site coordinates: The longitude and latitude coordinates are given with a 10 −6 • precision, and the altitude coordinate is given with a 10 −1 m precision. Details are given in the explanation text accompanying the astrometric results in NSBD data base. In the event type column, N a oN p denotes an occultation with the active (occulting) satellite number N a and the passive (occulted) satellite number N p . N a eN p denotes an eclipse with the active (eclipsing) satellite number N a and the passive (eclipsed) satellite number N p , as well. The angular separation is defined as
The estimation of the results quality and reliability Q are as follows:
(i) 1 for the doubtful results as divergent results for a same event, or a large shift in the time moment, or low-quality photometry.
(ii) 0 for the non-doubtful results. Table 4 gives an extract of the astrometric results of the second section. Starting from the left-hand column, we provide the observatory code, the event type, the UTC date, the position angle P, the standard deviation after fitting the light curve, and the (O−C) of the apparent relative satellite position along the satellite track computed from the NOE-5-2010-GAL satellite ephemerides. Examples of modelling are shown in Figs 2-6, as red lines.
AC C U R AC Y O F T H E A S T RO M E T R I C R E S U LT S
We compared the positions of the Galilean satellites with their theoretical computed positions given by the NOE-5-2010-GAL and JUP310 satellite ephemerides. The distributions of the (O−C) in tangential coordinates and the corresponding standard deviation after fitting the light curve are provided in Fig. 7 and Table 5 for the NOE-5-2010-GAL satellite ephemerides. They show the difference (RA, Dec.) coordinates for individual satellites. Table 6 provides the (O−C) distribution for the JUP310 satellite ephemerides.
We used Q = 0 as an indicator to define the best observations in our set. This concerns 511 observations. Offsets for this observation set are −1.8 and 0.1 mas in right ascension and declination, respectively, according to NOE-5-2010-GAL. They are negligible and we may deduce that some mismodelling of photometric corrections remains. Offsets according to JUP310 are slightly higher: 1.5 mas in right ascension and −8.9 mas in declination.
The key point is that the NOE-5-2010-GAL mean rms (O−C) between right ascension and declination for all these observations is 49.9 mas. This mean rms (O−C) between right ascension and declination corresponds to our observation accuracy. The JUP310 average rms (O−C) for all these observations is 65.5 mas. We observe a difference of 15 mas between both ephemerides, or 45 km at Jupiter, which is consistent since NOE-5-2010-GAL and JUP310 satellites ephemerides use almost the same data set for their construction.
C O N C L U S I O N S
The IMCCE and SAI organized the 2014-2015 PHEMU15 international observation campaign of the mutual events of the Galilean satellites. All the photometric observations of mutual occultations and eclipses were reduced. 609 astrometric results were calculated. The standard deviations after fitting the light curve in equatorial positions are 23.6 and 24.6 mas in right ascension and declination, respectively. The rms (O−C) in equatorial positions are ±39.2 and ±60.7 mas in right ascension and declination, respectively, according to NOE-5-2010-GAL satellite ephemerides. These results are better than those of the previous PHEMU09 campaign, and confirm the high value in observing mutual events.
The next campaign will begin in 2021 January and end in 2021 November. The occurrence will be less favourable since the maximum of events will occur at the conjunction of Jupiter with the Sun, and 192 events will be observable. The 2021 campaign will be more favourable to the Southern hemisphere, due to Jupiter's declination. 
AC K N OW L E D G E M E N T S
